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Abstract 


Mesoporous alumina xerogel (A-SG) is prepared by a sol-gel method for use as a support for a nickel catalyst. The Ni/A-SG catalyst is then 
prepared by an impregnation method, and is applied to hydrogen production by steam reforming of liquefied natural gas (LNG). The effect of the 
mesoporous alumina xerogel support on the catalytic performance of Ni/A-SG catalyst is investigated. For the purpose of comparison, a nickel 
catalyst supported on commercial alumina (A-C) is also prepared by an impregnation method (Ni/A-C). Both the hydroxyl-rich surface and the 
electron-deficient sites of the A-SG support enhance the dispersion of the nickel species on the support during the calcination step. The formation 
of the surface nickel aluminate phase in the Ni/A-SG catalyst remarkably increases the reducibility and stability of the catalyst. Furthermore, the 
high-surface area and the well-developed mesoporosity of the Ni/A-SG catalyst enhance the gasification of surface hydrocarbons that are adsorbed 
in the reaction. In the steam reforming of LNG, the Ni/A-SG catalyst exhibits a better catalytic performance than the Ni/A-C catalyst in terms of 


LNG conversion and hydrogen production. Moreover, the Ni/A-SG catalyst shows strong resistance toward catalyst deactivation. 


€ 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Catalytic steam reforming of methane has been extensively 
studied for the production of hydrogen or synthesis gas [1—4]. 
Liquefied natural gas (LNG), which is abundant and mainly 
composed of methane, can serve as an alternative source for 
hydrogen production by steam reforming. The LNG pipelines 
may become more widespread in the future, which will make 
LNG well suited as a hydrogen source for residential reformers 
in fuel cell applications. 

Conventional nickel-based catalysts such as Ni/Al2Os suf- 
fer from severe catalyst deactivation in the steam reforming 
reactions due to carbon deposition and metal sintering [5-9]. 
Therefore, nickel-based catalysts require a high reaction temper- 
ature and an excess amount of steam to prevent coke deposition 
on the catalyst surfaces during steam reforming [1—3]. Such 
severe reaction conditions for hydrogen production are not, how- 
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ever, favourable for the efficient operation of fuel cell systems. 
Therefore, low-temperature reforming technology has attracted 
much attention because of its potential applicability in fuel cell 
systems such as the polymer electrolyte membrane fuel cell 
(PEMFC) [10-12]. At low temperatures, however, it is very dif- 
ficult to reduce the supported nickel catalyst due to the strong 
interaction between nickel and support [13,14]. Thus, develop- 
ing an efficient catalyst with high activity and high durability 
is required for both on-site and off-site hydrogen production 
by steam reforming. Although noble metals such as rhodium 
and ruthenium are known to be very active in steam reforming 
reactions, nickel-based catalysts can be a practical alternative if 
properly designed. 

The catalytic performance of a supported nickel catalyst in 
steam reforming reactions depends strongly on the chemical 
and textural properties of the support. Therefore, modification 
of an appropriate support for a nickel catalyst can be a feasi- 
ble route to improve the catalytic performance of a supported 
nickel catalyst. Many attempts have been made to modify the 
support for a nickel catalyst [15—20]. For example, it has been 
reported that the addition of alkali and alkali earth metal oxides 
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into an Al203 support improve the coke resistance of a sup- 
ported nickel catalyst by enhancing the gasification reaction in 
the steam reforming of methane [21—23]. Ni-alumina catalysts 
prepared by a sol-gel method [24—27] have also been investi- 
gated in reforming reactions with the aim of suppressing carbon 
deposition [28—30]. 

Metal oxides prepared by a sol-gel method retain hydroxyl- 
rich surfaces, and therefore, exhibit unique textural and chemical 
properties compared with those prepared by a conventional 
method. In particular, alumina materials prepared by a sol-gel 
method have high surface areas and controllable textural and 
chemical properties. It was reported that an alumina aerogel with 
a well-developed pore structure inhibited carbon deposition in 
the CO» reforming of methane, and this resulted in enhancement 
of both methane conversion and coke resistance [28,30]. The role 
and effect of an alumina xerogel support on catalytic perfor- 
mance in either a CO» reforming or a steam reforming reaction 
has not, however, been clearly investigated. Therefore, devel- 
oping a sol-gel derived alumina xerogel support for a nickel 
catalyst in hydrogen production by the steam reforming of LNG 
is of great interest. 

In this work, an alumina xerogel is prepared by a sol-gel 
method for use as a support for a nickel catalyst. A Ni/Al2Os cat- 
alystis then prepared by an impregnation method, and is applied 
to hydrogen production by steam reforming of LNG. The effect 
of the alumina xerogel support on the catalytic performance of 
Ni/Al2O; is investigated. 


2. Experimental 


2.1. Preparation of alumina xerogel support and N/Al203 
catalyst 


An alumina xerogel support was prepared by a sol-gel 
method, according to the similar method reported in the literature 
[28,30,31]. A known amount of aluminum precursor (aluminum 
sec-butoxide, Sigma-Aldrich) was dissolved in ethanol at 80°C 
with vigorous stirring. For the partial hydrolysis of the aluminum 
precursor, small amounts of nitric acid and distilled water, which 
had been diluted with ethanol, were slowly added to the solu- 
tion containing the aluminum precursor. After maintaining the 
resulting solution at 80°C for a few minutes, a clear sol was 
obtained. The sol was then cooled to room temperature with vig- 
orous stirring. A transparent monolithic gel was formed within 
a few minutes by adding an appropriate amount of water diluted 
with ethanol to the sol. After ageing the alumina gel for 24 h, 
it was dried overnight at 120°C. The resulting powder was 
finally calcined at 700?C for 5h to yield the alumina xerogel 
support. The prepared alumina xerogel support is denoted as 
A-SG. 

A nickel catalyst supported on alumina xerogel was pre- 
pared by impregnating a known amount of nickel precursor 
(Ni(NO3)5-6H50, Sigma-Aldrich) on the alumina xerogel sup- 
port. The prepared Ni/Al2Os catalyst is denoted as Ni/A-SG. For 
the purpose of comparison, a nickel catalyst supported on com- 
mercial Al203 (Degussa, denoted as A-C) was also prepared by 
an impregnation method. The nickel catalyst supported on com- 


mercial Al203 is denoted as Ni/A-C. The nickel loading was 
fixed at 20 wt.% in both cases. 


2.2. Characterization 


Nitrogen adsorption-desorption isotherms were obtained 
with an ASAP-2010 (Micromeritics) instrument, and pore 
size distributions were determined by the BJH (Barret-Joyner 
—Hallender) method applied to the desorption branch of the 
nitrogen isotherm. Nickel dispersion and carbon deposition 
on the supported catalysts were examined by transmission 
electron microscopy (TEM) analyses (Jeol, JEM-2000EXIT). 
The crystalline phases of supports and supported catalysts 
were investigated by XRD (X-ray diffraction) (MAC Sci- 
ence, MISXHF-SRA) measurements using Cu Ka radiation 
(A= 1.54056 A) operated at 50kV and 100 mA. In order to 
examine the reducibility of supported catalysts, temperature- 
programmed reduction (TPR) measurements were carried out 
in a conventional flow system with a moisture trap connected 
to a thermal conductivity detector (TCD) at temperatures that 
ranged from room temperature to 1000?C with a ramping rate 
of 5°C min~!. For TPR measurements, a mixed stream of H2 
(2 ml min™!) and N; (20 ml min~!) was used for 0.1 g of catalyst 
sample. The chemical states of alumina supports were examined 
by ?'AI MAS NMR (magic angle spinning nuclear magnetic 
resonance) analyses (AVANCE, 400WB). 


2.3. Steam reforming of LNG 


Steam reforming of LNG was carried out in a continuous 
flow fixed-bed reactor at atmospheric pressure. Each calcined 
catalyst (100 mg) was charged into a tubular quartz reactor, and 
it was then reduced with a mixed stream of H? (3 ml min!) 
and No (30 ml min!) at 700°C for 3h. Water was sufficiently 
vapourized by passing through a pre-heating zone and con- 
tinuously fed into the reactor together with LNG (92.0 vol.% 
CH; and 8.0 vol.% C2H6) and No carrier (30 ml min). The 
steam:carbon ratio in the feed stream was fixed at 2.0, and 
the total feed rate with respect to the catalyst was maintained 
at 27 000 ml h^! g~!. The catalytic reaction was carried out at 
600°C. The reaction products were sampled periodically and 
analyzed using an on-line gas chromatograph (Younglin, ACME 
6000) equipped with a TCD (thermal conductivity detector). 
LNG conversion was calculated according to the following equa- 
tion on the basis of carbon balance: 


Fi Fi 
LNG conversion (%)= ( CHa,out t "JJ x 100 


Fug in FCjHe in 


(1) 


3. Results and discussion 
3.1. Textural property of supports and supported catalysts 
Textural properties of the A-SG support and the Ni/A-SG 


catalyst were examined by nitrogen adsorption-desorption 
isotherm measurements. Fig. 1 shows the nitrogen 
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Fig. 1. Nitrogen adsorption-desorption isotherms and pore size distributions of 
A-SG support and Ni/A-SG catalyst. 


adsorption-desorption isotherms and pore size distribu- 
tions of the A-SG support and the Ni/A-SG catalyst. Both 
A-SG and Ni/A-SG samples clearly yield IV-type isotherms 
with H» hysteresis loops. This indicates the existence of ‘ink 
bottle’ pores with a narrow entrance and a large cavity. Both the 
A-SG support and the Ni/A-SG catalyst have well-developed 
framework mesopores with a narrow pore size distribution. 
The average pore sizes of the A-SG support and the Ni/A-SG 
catalyst are 4.7 and 4 nm,respectively. 

Detailed textural properties of supports (A-C and A-SG) and 
supported catalysts (Ni/A-C and Ni/A-SG) are summarized in 
Table 1. The alumina xerogel support (A-SG) retained a higher 
surface area and a larger pore volume than the commercial alu- 
mina support (A-C). Furthermore, the Ni/A-SG catalyst had a 
higher surface area and a larger pore volume than the Ni/A- 
C catalyst. The Ni/A-SG catalyst showed a lower surface area 
and a smaller pore volume than the A-SG support, due to the 
pore blocking by the nickel species that had occurred during 
the impregnation step. The Ni/A-C catalyst also showed a lower 


Table 1 
Textural properties of supports (A-C and A-SG) and supported catalysts (Ni/A-C 
and Ni/A-SG) 


Sample Surface area Pore volume Average pore 
(m? g! y (cm? g size (nm)* 

A-C 95 0.25 12.5 

A-SG 365 0.64 4.7 

Ni/A-C 82 0.30 17.0 

Ni/A-SG 238 0.34 4.0 


* Calculated by BET (Brunauer-Emmett- Teller) equation. 
^ BJH (Barret-Joyner-Hallender) desorption pore volume. 
* BJH (Barret-Joyner-Hallender) desorption average pore diameter. 


surface area than the A-C support, but exhibited a larger pore vol- 
ume and a larger pore size than the A-C support, even though the 
Ni/A-C catalyst was also prepared by impregnating a nickel pre- 
cursor on the A-C support. This may be explained by the nature 
of A-C. The A-C support consists of non-porous nanoparticles, 
and its pore volume and pore diameter are attributed to the pores 
formed from some aggregates of these nanoparticles. It is con- 
cluded that the nickel species employed in the impregnation step 
play the role of a chemical glue for the A-C nanoparticles. There- 
fore, a number of large pores would be formed by the action of 
this chemical glue upon impregnation of the nickel species on 
the A-C support, leading to an increase in pore volume of the 
Ni/A-C catalyst [32]. 


3.2. Crystal structure and phase of A-C and A-SG supports 


Fig. 2 shows the XRD patterns of A-C and A-SG supports 
calcined at 700°C for 5h. The A-C support displays the char- 
acteristic diffraction peaks of y-Al203. By contrast, the A-SG 
support shows an amorphous feature even after the calcination at 
700 °C. Itis known that the phase of alumina is transformed from 
boehmite (AIOOH) to y-Al203 at temperatures above 500°C 
[33,34]. The experimental results indicate that the hydroxyl-rich 
surface properties of the alumina xerogel retard the aggregation 
of alumina particles which causes a phase transformation during 
the heat-treatment step. 

In order to identify the accurate phases of A-C and A-SG 
supports, "Al MAS NMR analyses were conducted. Fig. 3 
shows the AI MAS NMR spectra of A-C and A-SG sup- 
ports. The A-C supports show two different types of stable 
A] atoms, including 4-coordinated Al atoms (ALY) and 6- 
coordinated Al atoms (AIV). This result is in good agreement 
with the reported coordination numbers of y-Al2O3 [35-37]. 
On the other hand, the A-SG support shows three coordina- 
tion states of Al atoms, including AIIV, AIV, and AIV, It is 
noteworthy that 5-coordinated Al atoms (AIV) appear in the 
A-SG support even after thermal treatment at a high temper- 
ature of 700?C. It has been reported that the 5-coordinated AI 
atoms (AIV) are formed during the course of transformation 


Intensity (A.U.) 


0 


10 20 30 40 5 
2 Theta (0) 


60 70 80 


Fig. 2. XRD patterns of A-C and A-SG supports calcined at 700 ^C for 5h. 
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Fig. 3. "AI MAS NMR spectra of A-C and A-SG supports. 


of Al atoms in the alumina xerogel into either 4-coordinated 
Al atoms (Al'Y) or 6-coordinated Al atoms (AIV) [37,38]. 
The 5-coordinated Al atoms (AIV) in the A-SG support serve 
as an electron acceptor (Lewis acid), resulting in the for- 
mation of many electron-deficient sites in the A-SG support 
[39]. It is considered that the large amount of electron- 
deficient sites in the A-SG support would be favourable for 
the fine dispersion of the nickel species in the Ni/A-SG cata- 
lyst. 


3.3. Nickel dispersion on Ni/A-C and Ni/A-SG catalysts 


Fig. 4 shows the XRD patterns of Ni/A-C and Ni/A-SG cat- 
alysts calcined at 700?C for 5 h. No diffraction peaks that are 
characteristic of nickel oxides are observed in the Ni/A-SG cat- 
alyst. This indicates that the nickel species are finely dispersed 
on the surface of the A-SG support and thereby result in the 
formation of small nickel particles that are below the detection 
limit of XRD measurements. It is likely that the 5-coordinated 
Al atoms (AIV) in the A-SG support greatly enhance the incor- 
poration of the nickel species into the support. It is also thought 


Ni/A-SG 


Intensity (A.U.) 


10 20 30 40 50 60 70 80 
2 Theta (6) 


Fig. 4. XRD patterns of Ni/A-C and Ni/A-SG catalysts calcined at 700°C for 
5h. 


that the nickel species are highly dispersed on the hydroxyl- 
rich surface of the A-SG support. The finely dispersed nickel 
species would exist as a bulk nickel aluminate phase or a surface 
nickel aluminate phase due to the calcination at high tempera- 
ture. On the other hand, both nickel oxide species (solid lines) 
and nickel aluminate species are observed in the Ni/A-C cat- 
alyst. The above result indicates that the dispersion of nickel 
species on the A-C support is relatively poor. The dispersion 
of nickel species in both catalysts is further confirmed by TEM 
analyses. Fig. 5 presents TEM images of Ni/A-C and Ni/A-SG 
catalysts calcined at 700°C for 5h. The Ni/A-C catalyst show 
large nickel species compared with the Ni/A-SG catalyst. It is 
clearly seen that the nickel species are finely dispersed on the 
A-SG support. 


3.4. Reducibility of Ni/A-C and Ni/A-SG catalysts 


TPR measurements were carried out to investigate the 
reducibility of the Ni/A-C and Ni/A-SG catalysts and to exam- 
ine the interaction between nickel species and supports. Fig. 6 
gives TPR profiles of the two catalysts. The Ni/A-C catalyst 
shows two reduction bands at around 420 and 820 °C. The minor 


Fig. 5. TEM images of (a) Ni/A-C and (b) Ni/A-SG catalysts calcined at 700°C for 5 h. 
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Fig. 6. TPR profiles of Ni/A-C and Ni/A-SG catalysts. 


reduction band appearing at the lower temperature is attributed 
to reduction of the bulk NiO species, while the major reduction 
band appearing at the higher temperature is due to reduction 
of the bulk nickel aluminate phase. It is well known that the 
latter phase is hard to reduce because Ni** ions are incorpo- 
rated into the lattice of bulk y-Al203. On the other hand, the 
Ni/A-SG catalyst displays one reduction band at around 710°C, 
which is due to the reduction of the surface nickel aluminate 
phase. A direct comparison of the major reduction bands in the 
two catalysts reveals that the Ni/A-SG catalyst retains a higher 
reducibility than the Ni/A-C catalyst. These results indicate that 
the finely dispersed nickel species in the Ni/A-SG catalyst exist 
mainly as a surface nickel aluminate phase, which is easier to 
reduce than the bulk nickel aluminate phase [40—42]. The surface 
nickel aluminate phase has an intermediate reducibility between 
bulk nickel aluminate and bulk nickel oxide, and at the same 
time, has a relatively excellent stability due to its aluminate 
nature. 
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Fig. 7. LNG conversions with time on stream in steam reforming of LNG over 
Ni/A-C and Ni/A-SG catalysts at 600 ^C. 


3.5. Steam reforming of LNG over Ni/A-C and N/A-SG 
catalysts 


The LNG conversion with time on stream in steam reforming 
over Ni/A-C and Ni/A-SG catalysts at 600 °C is given in Fig. 7. 
The Ni/A-C catalyst experiences a severe catalyst deactivation, 
while the Ni/A-SG catalyst maintains a stable catalytic perfor- 
mance during the reaction extending over 1000 min. The reasons 
why the Ni/A-SG catalyst yields better catalytic performance 
can be explained in terms of chemical and textural properties 
of the A-SG support. One possible reason is attributed to the 
high reducibility of the Ni/A-SG catalyst (Fig. 6). Although 
the reducibility of a catalyst is not the sole factor determin- 
ing catalytic performance, by retaining a higher reducibility the 
Ni/A-SG catalyst exhibits a better catalytic performance than the 
Ni/A-C catalyst. It is also thought that many electron-deficient 
sites that originate from 5-coordinated Al atoms (AIV) in the 
A-SG support enhance the dispersion of nickel species by form- 


Fig. 8. TEM images of (a) Ni/A-C and (b) Ni/A-SG catalysts after a 1000-min reaction. 
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ing a surface nickel aluminate phase in the Ni/A-SG catalyst. 
The surface nickel aluminate phase, in turn, increases the active 
surface area of nickel. Another possible reason for the enhanced 
catalytic performance of Ni/A-SG may be due to the favourable 
textural structure of the A-SG support. The high surface area 
and the well-developed mesoporosity of the Ni/A-SG catalyst 
enhance gasification of the adsorbed surface hydrocarbons in 
the steam reforming reaction. 

Hydrogen production by the steam reforming of methane is 
closely related to the following two adsorption mechanisms. One 
is the dissociative adsorption of methane on the active nickel 
surface, and the other is the dissociative adsorption of steam 
on either the active nickel surface or the support [43]. Nickel- 
based catalysts activate both the steam reforming reaction and 
the carbon formation reaction on the catalyst surface [44]. The 
gasification reaction can be preferentially enhanced, however, 
by increasing dispersion of active nickel on the catalyst surface. 

TEM images of the Ni/A-C and Ni/A-SG catalysts after a 
1000-min reaction are given in Fig. 8. The used Ni/A-C cata- 
lyst shows filamentous carbon that is derived from the dissolved 
carbon on the active nickel surface. CHNS elemental analyses 
reveal that the catalyst contains 12 wt.% carbon species after a 
1000-min reaction. At the initial stage of reaction, the amount of 
dissolved carbon is too small to affect greatly the catalytic per- 
formance of the Ni/A-C. Nevertheless, the amount of dissolved 
carbon increases and the carbon filament is gradually formed as 
the reaction proceeds, which results in severe deactivation of the 
Ni/A-C catalyst (Fig. 7). By comparison, the used Ni/A-SG cat- 
alyst shows no significant formation of filamentous carbon. The 
amount of carbon species deposited on the Ni/A-SG catalyst 
after a 1000-min reaction is 2.7 wt.%. The carbon deposition 
preferentially occurs on the surface of large nickel particles. 
Small nickel particles on the Ni/A-SG catalyst, therefore, have 
a relatively strong resistance towards carbon deposition. 

The H? compositions in the dry gas with time on stream in 
the steam reforming of LNG over Ni/A-C and Ni/A-SG catalysts 
at 600°C are presented in Fig. 9. The H2 compositions (Fig. 9) 
exhibit a similar trend to LNG conversions (Fig. 7) over both 
catalysts with time on stream. The steam reforming of methane 
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Fig. 9. Hydrogen compositions in dry gas with time on stream in steam reform- 
ing of LNG over Ni/A-C and Ni/A-SG catalysts at 600 °C. 


is expressed as follows: 


CH4 +H20 > CO+3H2, AHoesk —206kJmol ^! (2) 


A simple calculation shows that 75% hydrogen (dry gas basis) 
can be obtained in the steam reforming of methane under the 
condition of complete reaction. As shown in Fig. 9, the Ni/A-SG 
catalyst produced ca. 70% hydrogen (dry gas basis), a slightly 
lower value than the theoretical estimate. It is concluded that 
the A-SG support prepared by a sol-gel method serves as an 
efficient support for the nickel catalyst in hydrogen production 
by the steam reforming of LNG. 


4. Conclusions 


Mesoporous alumina xerogel (A-SG) has been prepared by 
a sol-gel method. A Ni/A-SG catalyst has then been prepared 
by an impregnation method for use in hydrogen production by 
the steam reforming of LNG. The effect of the mesoporous alu- 
mina xerogel support on the catalytic performance of Ni/A-SG 
has been investigated. For the purpose of comparison, a nickel 
catalyst supported on commercial alumina (A-C) has also been 
prepared by an impregnation method (Ni/A-C). The A-SG sup- 
port serves as an efficient support for the nickel catalyst in the 
steam reforming of LNG. The 5-coordinated Al atoms (AIV) 
of the A-SG support play an important role in forming more 
electron-deficient sites on the support. Experimental findings 
reveal that both the hydroxyl-rich surface and the electron- 
deficient sites of the A-SG support enhance the dispersion of 
nickel species on the support through the formation of a sur- 
face nickel aluminate phase. The surface nickel aluminate phase 
of the Ni/A-SG catalyst increases the reducibility and stability 
of the catalyst. The Ni/A-SG catalyst shows a better catalytic 
performance than the Ni/A-C catalyst in terms of LNG conver- 
sion and hydrogen production. The high surface area and the 
well-developed mesoporosity of the Ni/A-SG catalyst enhance 
the gasification of adsorbed surface hydrocarbons in the stream 
reforming of LNG. Unlike the Ni/A-C catalyst, the Ni/A-SG 
catalyst shows strong resistance toward catalyst deactivation. It 
is concluded that the A-SG support prepared by a facile sol-gel 
method serves as an efficient support for the nickel catalyst in 
hydrogen production by steam reforming of LNG. 
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